A multi implant scenario is considered using insulated dipole antennas for specific locations such as the liver, heart, spleen, and the kidneys where implants communicate with a pacemaker acting as a central hub.
I. INTRODUCTION
A wireless body area network (WBAN) is a network, consisting of nodes that communicate wirelessly and are located on or in the body of a person. There are various applications for such a network in areas of medicine, sports, and multimedia [1] .
Active implants are positioned at specific locations inside the human body to carry out special tasks such as drug delivery, transplanted organ monitoring, and functional electrical stimulation. In case of liver 2 transplantation, implants are placed on the liver for constant monitoring for a period of 7-10 days to report circulation deficiency to physicians [2] . This can also be the case for other organs that undergo transplantation where constant monitoring is required before and after the surgical procedure. An implant such as a glucose sensor which transmits blood glucose data wirelessly helps diabetic patients to control their blood sugar level. Such implants can exist by themselves at a specific location or co-exist with other implants in the human body (e.g, pacemaker with organ monitoring sensor or glucose sensor). Considering a multi-implant case, the implants can communicate with the pacemaker/central hub present in the body which then can communicate with a receiver placed outside the body. Implants such as pacemakers and implantable cardioverter defibrillators (ICDs) also need to relay information for control or monitoring to devices placed outside the body. The transfer of data from the in-body implants to the receiver placed outside the body thus only need to take place from one of the in-body implant, for example a pacemaker that collects all data. This reduces the need for various sensors to communicate with receiver outside the body. For an efficient communication between the sensors, an accurate characterization of the propagation channel is necessary. Some good research have been performed in WBAN research areas [3] - [5] , however till date, characterization of the propagation channel for multiple in-body sensors has not been performed.
Thus a proper and efficient modeling of the channel is required for the performance analysis of in-body sensor networks. A path loss (PL) model helps to gauge the reliability of the link between nodes placed within or on the human body.
In addition to PL, we study absorption as various health risks are related to exposure from strong radiofrequency (RF) electromagnetic (EM) fields. This absorption, characterized by the SAR (Specific Absorption Rate) [W/kg], is limited by standards such as those of the Institute of Electrical and Electronics Engineers (IEEE) [6] and the guidelines provided by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [7] to avoid excessive heating in the human body.
There is an extensive literature on modeling of propagation loss within the human body [8] - [11] . Various scenarios are considered in these works however none of them provide any PL models for a multi-implant 3 scenario which takes specific organs into consideration. [9] suggests a PL model for in-body wireless implants. However it does not make use of biocompatible implantable antennas. A PL model for in-body wireless implants by making use of insulated dipole antennas in a homogeneous medium is proposed in [10] . [11] provides various scenarios for channel modeling for an endoscopy application, however does not make use of an insulated antenna and develops a PL model with a high standard deviation of 7.3 dB.
The goal of this paper is to develop an empirical PL model for a heterogeneous human model at 2.45 GHz, using insulated dipole antennas with respect to specific locations of selected organs and to also suggest the maximum deviation that can be obtained for placement of an implant. We select the 2.45 GHz frequency corresponding to the Industrial, Scientific, and Medical (ISM) band as this is one way to reduce the antenna size and make it available to be implanted. Another advantage is that the larger bandwidth allows for higher bitrates. Various antennas are manufactured for the same reason [12] 
It is also noticed that in the study of absorption at lower frequencies (< 450 MHz) there was increased SAR in layered tissue which diminishes at higher frequencies [15] . The recent voting by FCC to include 2.36-2. 4 GHz spectrum in Medical Device Radiocommunications (MedRadio) for body area networks is also a motivation as this means that a whole new market is going to be opened and thus making such a study valuable.
The novelty of the study is that it takes into consideration location specific PL for the organs of human body. Since it is difficult to carry out measurements in the human body this study is carried out using finite difference time domain (FDTD) simulations. We select various vital organs such as kidney, heart, spleen, and liver as these are the most transplanted organs for the study of path loss between a transmitter (Tx) antenna placed at the periphery of these organs and a receiver (Rx) antenna that is placed at a location of a pacemaker (left shoulder area below the pectoral muscle). For every location of the Tx antenna, the peak spatial-averaged SAR has been assessed in order to check compliance with international safety guidelines. 4 
II. HETEROGENEOUS MEDIUM: SETUP AND CONFIGURATION
We developed two identical insulated dipole antennas [10] , [16] , where the dipole arms are perfect electric conductors (PEC) surrounded with an insulation made of polytetrafluoroethylene (relative permittivity ǫ r = 2.07 and conductivity σ = 0 S/m). We use dipole antennas for our study as they are the best understood antennas in free space and have a simple structure. Since it is difficult to carry out measurements using heterogeneous human models the antennas are developed for homogeneous muscle tissue medium (ǫ r = 50.8 and σ = 2.01 S/m [17] ). Resonance is obtained for the insulated dipole antennas with length ℓ 1 = 3.9 cm, at a frequency of 2.457 GHz. Insulated dipoles are selected instead of bare dipoles because the insulation prevents the leakage of conducting charges from the dipole and reduces the sensitivity of the entire distribution of current to the electrical properties of the ambient medium. This property makes insulated dipoles valuable for WBAN purposes [10] , [18] .
The location plays a vital role as the implants cannot be randomly placed within the human body.
Taking into consideration the various in-body sensors used and the transplanted organs, the best position of the implants selected to carry out this study is at the periphery of the vital organs. The placement of the implant should be such that no harm is caused to the vital organs and the body functions. The Rx will be placed at a fixed location of a pacemaker/central hub such that a link is established between the vital organs and the pacemaker/central hub. And the Tx is placed at various positions around the periphery of the vital organs considered.
Simulations are carried out using a 3D electromagnetic solver SEMCAD-X (SPEAG, Switzerland), a finite-difference time-domain (FDTD) program.
The PL in heterogeneous medium is investigated using an enhanced anatomical model of a 34 year adult, Virtual family man (V F M ), and a 6 year male child Virtual family boy (V F B) from the V irtual F amily • Heart : The heart is located just behind and slightly towards the left of the breastbone. The Tx antenna is placed at 36 different positions with the same 10 mm separations as above in the V F M and for 55 positions for the V F B.
III. RESULTS

A. Path Loss
PL is defined as the ratio of input power at port 1 (P in ) to power received at port 2 (P rec ) in a twoport setup. PL in terms of transmission coefficient is defined as 1/|S 21 | 2 with respect to 50 Ω when the generator at the Tx has an output impedance of 50 Ω and the Rx is terminated with 50 Ω. This allows us to regard the setup as a two-port circuit for which we determine |S 21 | dB with reference impedances of 50 Ω at both ports.
PL is represented for the periphery of each vital organ with the help of boxplots. For each box the bottom and top of the box represents the lower and upper quartiles, respectively. The band at the middle of the box represent the median. The whiskers of the box represents the minimum and the maximum value and any data that lies beyond the whiskers are the outliers. The boxplots thus show the variation of the PL for each organ through its five-number description statistics, i.e, the minimum, the lower quartile, the median, the upper quartile and the maximum of the PL samples all in dB.
B. Validation
In order to validate the simulation tool and antenna models used, measurements are performed in homogeneous muscle tissue at a frequency of 2.45 GHz. Measurements are executed using a vector network analyzer NWA (Rohde and Schwarz ZVR) and the scattering parameters |S 11 | dB and |S 21 | dB between the simulations and the measurements [10] , [20] .
C. Path Loss in V F M
In Fig. 2 we see that the PL is minimal at the periphery of heart because the Tx is closest to the Rx in this scenario (average distance being 12 cm) as both of them are placed on same side i.e the anterior Now we will discuss the organ liver separately (similar observations are noted for other organs too).
1) Liver:
The minimum, the lower quartile, the median, the upper quartile and the maximum of the PL samples obtained at the periphery of the liver all in dB are 76.62, 86.61, 91.2, 94.56, and 103.8
respectively. The positions of the Tx antenna on the periphery of the liver are as shown in the Fig. 3(a) and indicated with P i (i = 1 − 16). Fig. 4 shows that the PL over the whole of liver varies depending on 8 the position on the periphery of the liver. In the liver at the positions P 1, P 2, P 3, P 4, PL is minimal as at these positions the link involves organs such that the attenuation is less. Also at these positions the thickness of liver is lower which is also a contributing factor for lower attenuation and less absorption of the propagation wave. PL increases for areas where the Tx antenna is fully covered by other organs.
An example here is positions P 14, P 15, and P 16 where the Tx is covered completely from all sides by liver, lungs and diapragm.
D. SAR in V F M
In this section the simulation results of the SAR is discussed for the various tissues surrounding the Tx antenna. ICNIRP [7] define basic restrictions to protect public from exposure to electromagnetic fields.
SAR [W/kg
] is defined as a measure of the rate at which energy is absorbed by the body when it is exposed to a radio frequency (RF) electromagnetic field. Compliance with the ICNIRP guidelines is investigated for the 10 g localized SAR. For a normalized input power of 1W (P in ) the values are shown in Fig. 6 . The maximum allowed power to satisfy the ICNIRP basic restrictions (2 W/kg in 10 g of tissue) guidelines are 77, 53, 51.4, 49.3, and 64.8 mW for left kidney, right kidney, liver, spleen and heart respectively. We also list in Table IV the maximum and minumum SAR values for a power of 2 mW as it is a typical value used to carry out such a study [12] . It can be noted that the guidelines provided by ICNIRP allow a much higher use of power values. Fig. 6 shows the boxplots with the variation of the (SAR 10g ) for each organ through its five-number description statistics, i.e, the minimum, the lower quartile, the median, the upper quartile and the maximum of the samples all in [W/kg]. The highest localized SAR occurs on the periphery of the heart and lowest on the periphery of the left kidney. SAR is highest when the organs surrounding the Tx has high conductivity. In case of the heart the Tx is surrounded by high conductive organs and tissues such as the heart (ǫ r = 54.8 and σ = 2.25 S/m) and muscle (ǫ r = 50.8 and σ = 2.01
S/m). In case of the left kidney the Tx antenna is covered at majority of times by the left kidney (ǫ r = 52.7
and σ = 2.43 S/m) and fat layer (ǫ r = 5.3 and σ = 0.1 S/m) thus having lower SAR. 9 1) Left Kidney: Fig. 6 shows the SAR at the periphery of the left kidney and the minimum, the lower Table IV shows that the value for SAR 10g for a power of 3 dBm (2 mW) satisfy the ICNIRP guidelines. The maximum peak SAR 10g is observed around the placement of the source of the Tx antenna. The value of the SAR 10g depends on the dielectric properties of the organs which surround the Tx antenna. The positions on the periphery of the left kidney are as indicated in Fig. 3(b) . The SAR in the left kidney for the various positions is given in the Fig. 8 : the SAR decreases from position P 1 to P 5. This is due to the fact that at P 1 the Tx antenna is covered both by the left is minimal at the periphery of the heart in both the human models as the heart is the closest to the Rx.
2) PL Model:
The simulated results of the PL for the Tx at the various positions at the periphery of the heart, spleen, left kidney, right kidney and the liver are fitted to a normal distribution. The goodnessof-fit is validated with the Shapiro-Wilk (SW) parametric hypothesis test of composite normality with a significance lever of 5% thus showing an excellent agreement between the modeled and the simulated PL. 
where P L organ is the path loss occurring in the body which also consists of the antenna losses and the antenna gain. The maximum path loss between the Tx and the Rx for each organ is specified in the Table III kidney, liver, spleen and heart respectively.
F. Placement of implant on the organ
Physicians will place the implant on the periphery of the organs without taking into account the PL obtained. However for the different positions the standard deviation (SD) and ∆, where ∆ is (P L max − P L min ) obtained for the organs are listed in Table V . Thus the maximum deviation that can occur when placed on any position of the organ is known beforehand. For example the deviation that is obtained when implant is placed anywhere on the liver is 6.7 dB for V F M and 8.4 dB in case of a V F B. Also from Table III it is evident that even for a power as low as 25 µW a link can be established for all organs except for the right kidney in the V F M .
We can deduce also from this study that the PL and SAR are highly dependent on the anatomy of the person and this differs from person to person. As the antennas are positioned at various locations, it is observed that the adjoining tissues play a very important role in determining the PL as well as the SAR. Adjoining tissues help in determining various effects such as increased SAR in layered tissue which cannot be observed when the SAR is assessed using homogeneous tissue simulating liquid. For example, 12 for larger distances between the tissue and the antenna, standing wave effects occur depending on the frequency and fat layer thickness [21] . Thus we can conclude that in order to understand better the PL and SAR variation in heterogeneous human body, an approach using antennas placed in homogeneous medium with an effective dielectric permittivity cannot provide the effects produced in layered and heterogeneous human models. However the PL in the homogeneous phantom can be used to estimate a worst case PL in the virtual family model by multiplying it with an additional factor. These PL will vary with the antennas as the PL are antenna dependent. Thus with the above research one can obtain the worst-case PL which can then be used for link budget calculations.
IV. CONCLUSION
A multi-implant scenario for PL and SAR is studied for heterogeneous adult and boy model for various organs such as liver, kidneys, spleen and liver. Path loss at the periphery of the vital organs depends on the distance as well as on the dielectric properties of the tissues that lies between the Tx and the Rx.
The PL is maximum for organs farthest from the Rx which are the kidneys and PL is least for the heart which is closest to the Rx. The dielectric properties of the organs and tissues that lie between the Rx and the Tx also determine the PL. The PL and the SAR provided here can be used as the worst case scenario in order to carry out link budget calculations. For example if there is a implant transmitting from the liver to a receiver outside/inside 13 the body, one can make use of the path loss provided in this paper and use it to be a worst case scenario path loss. 
